[1] Soil erosion and deposition may play important roles in balancing the global atmospheric carbon budget through their impacts on the net exchange of carbon between terrestrial ecosystems and the atmosphere. Few models and studies have been designed to assess these impacts. In this study, we developed a general ecosystem model, ErosionDeposition-Carbon-Model (EDCM), to dynamically simulate the influences of rainfallinduced soil erosion and deposition on soil organic carbon (SOC) dynamics in soil profiles. EDCM was applied to several landscape positions in the Nelson Farm watershed in Mississippi, including ridge top (without erosion or deposition), eroding hillslopes, and depositional sites that had been converted from native forests to croplands in 1870. Erosion reduced the SOC storage at the eroding sites and deposition increased the SOC storage at the depositional areas compared with the site without erosion or deposition. Results indicated that soils were consistently carbon sources to the atmosphere at all landscape positions from 1870 to 1950, with lowest source strength at the eroding sites (13 ), and lowest at the depositional sites (26 to 29 gC m À2 yr À1 ). During this period, erosion enhanced carbon uptake at the eroding sites by continuously taking away a fraction of SOC that can be replenished with enhanced plant residue input. Overall, soil erosion and deposition reduced CO 2 emissions from the soil into the atmosphere by exposing low carbon-bearing soil at eroding sites and by burying SOC at depositional sites. The results suggest that failing to account for the impact of soil erosion and deposition may potentially contribute to an overestimation of both the total historical carbon released from soils owing to land use change and the contemporary carbon sequestration rates at the eroding sites.
[1] Soil erosion and deposition may play important roles in balancing the global atmospheric carbon budget through their impacts on the net exchange of carbon between terrestrial ecosystems and the atmosphere. Few models and studies have been designed to assess these impacts. In this study, we developed a general ecosystem model, ErosionDeposition-Carbon-Model (EDCM), to dynamically simulate the influences of rainfallinduced soil erosion and deposition on soil organic carbon (SOC) dynamics in soil profiles. EDCM was applied to several landscape positions in the Nelson Farm watershed in Mississippi, including ridge top (without erosion or deposition), eroding hillslopes, and depositional sites that had been converted from native forests to croplands in 1870. Erosion reduced the SOC storage at the eroding sites and deposition increased the SOC storage at the depositional areas compared with the site without erosion or deposition. Results indicated that soils were consistently carbon sources to the atmosphere at all landscape positions from 1870 to 1950, with lowest source strength at the eroding sites (13 to 24 gC m À2 yr À1 ), intermediate at the ridge top (34 gC m À2 yr
À1
), and highest at the depositional sites (42 to 49 gC m À2 yr À1 ). During this period, erosion reduced carbon emissions via dynamically replacing surface soil with subsurface soil that had lower SOC contents (quantity change) and higher passive SOC fractions (quality change). Soils at all landscape positions became carbon sinks from 1950 to 1997 due to changes in management practices (e.g., intensification of fertilization and crop genetic improvement). The sink strengths were highest at the eroding sites (42 to 44 gC m À2 yr À1 ), intermediate at the ridge top (35 gC m À2 yr
), and lowest at the depositional sites (26 to 29 gC m À2 yr À1 ). During this period, erosion enhanced carbon uptake at the eroding sites by continuously taking away a fraction of SOC that can be replenished with enhanced plant residue input. Overall, soil erosion and deposition reduced CO 2 emissions from the soil into the atmosphere by exposing low carbon-bearing soil at eroding sites and by burying SOC at depositional sites. The results suggest that failing to account for the impact of soil erosion and deposition may potentially contribute to an overestimation of both the total historical carbon released from soils owing to land use change and the contemporary carbon sequestration rates at the eroding sites.
Introduction
[2] Conversion of lands from a native state to an agricultural use usually leads to a 20-40% reduction in soil organic carbon (SOC) storage [Donigian et al., 1994; Paul et al., 1997; Buyanovsky and Wagner, 1998a; Harden et al., 1999] . It is often implicitly assumed that the SOC that is lost is released to the atmosphere [DeFries et al., 1999; Houghton et al., 1999; Hurtt et al., 2002] . In fact, in addition to the atmospheric pathway, erosion can also contribute to SOC loss from uplands [Slater and Carleton, 1938; Webber, 1964; Tiessen et al., 1982; Geng and Coote, 1991; Cihacek and Swan, 1994; Lal, 1995; Harden et al., 1999] . Some of the eroded soil, carbon, and nutrients are redistributed across the landscape, and some are transported and deposited to waterlogged environments, such as reservoirs, lakes, wetlands and oceans [Lal, 1995; Stallard, 1998; Smith et al., 2001] . Stallard [1998] estimated that a significant portion of the missing sink of atmospheric CO 2 (1.2-2.0 Pg C yr À1 ) [Schimel et al., 1995 [Schimel et al., , 2001 could be explained by the SOC eroded and redeposited annually if the redeposited SOC is replaced by sequestering new SOC from the atmosphere at the eroding sites. Stallard [1998] analyzed a range of scenarios for global redeposition of eroded SOC in both waterlogged and upland environments. Schimel et al. [1985] hypothesized that depositional upland sites are sinks for C because of the burial and reduced decomposition caused by physical protection of organic matter. Because erosion concentrates clay particles, organic matter, and soluble nutrients at depositional sites, the formation of soil aggregates at these areas could be enhanced and therefore lead to increased physical and chemical protection of SOC and reduced SOC turnover. Whether eroded SOC is translocated across uplands or deposited in waterlogged environments, depositional areas are therefore likely to accumulate carbon. As suggested by Stallard [1998] , the extent to which erosion and deposition lead to an atmospheric C sink depends on how much of the depositional accumulation is replaced by newly produced SOC in the eroding uplands. However, this analysis is difficult to verify because the formation of new SOC is an ongoing process in most landscape settings, whether they are undisturbed or subject to erosion or deposition. The fate of the eroded SOC, the impact of soil erosion on the SOC remaining at the eroding sites, and the impact of deposition on the SOC buried at the depositional sites are all important pieces of the whole puzzle. Owing to the difficulty of deploying field experiments for direct assessment, it is important to develop mechanistic models to improve our understanding of the overall impact of the soil erosion and deposition on SOC.
[3] In previous publications, three kinds of models have been used to assess the impact of soil erosion on SOC dynamics at the eroding sites [Bouwman, 1989; Vermeulen et al., 1993; Harden et al., 1999] , and no counterpart models have been available for depositional sites. The first group includes models that are designed to investigate the impact of soil erosion on soil organic matter [e.g., Voroney et al., 1981; Bouwman, 1989] . In these models, some ecosystem properties, such as net primary production and the level of plant residue input into the soil, were prescribed as constants and did not vary over time. Thus the interactions and feedback between erosion and primary production could not be considered.
[4] A second modeling approach is represented by the Erosion Productivity Impact Calculator (EPIC) [Williams, 1995] , in which the primary emphasis is to evaluate the impact of soil erosion on the productivity of crops rather than SOC dynamics. The capability of this model to predict SOC dynamics has not been tested extensively. Nevertheless, the EPIC model has been used to simulate the impact of soil erosion on SOC at 100 randomly selected plots in the U.S. corn belt under various management and climatic scenarios [Lee et al., 1993 [Lee et al., , 1996 .
[5] The third modeling approach relies on biogeochemical models that simulate the dynamics of carbon and nutrients in vegetation and soil. So far, only two models are reported to have incorporated erosion processes into biogeochemical cycles: CENTURY [Harden et al., 1999] and Soil Change Under AgroForestry (SCUAF) [Vermeulen et al., 1993] . SCUAF is specifically designed for agroforestry systems, and it is still under development. The CENTURY model has been tested widely against field measurements of primary production, SOC, and nitrogen dynamics under various conditions [Parton et al., 1987 Schimel et al., 1994; VEMAP Members, 1995; Smith et al., 1997] . Unfortunately, the impact of soil erosion was not included in most tests of the CENTURY model. If the impact of erosion and deposition is not considered, the net emissions of carbon from agricultural activities into the atmosphere may be overestimated.
[6] In this study, we present an ecosystem model that is capable of simulating the impacts of both soil erosion and deposition on SOC dynamics. We then apply the model to an examination of the historical SOC trajectories and the apparent SOC loss under various erosion, deposition, and management scenarios at a field site. Finally, we examine uncertainties in our calculations by analysis of model sensitivity to various input variables.
Sites and Field Measurements
[7] The study site was at the Nelson Farm, located in Tate County, Mississippi, with latitude 34°33 0 50 00 and longitude 89°57 0 30 00 . The Nelson Farm site is a small hydrologically monitored headwater watershed with an area of 2.09 ha. Soils, derived from Peoria Loess parent material, were described as eroded Memphis silt loam (Typic Hapludalf) on the broad ridges and severely eroded Grenada silt loam (Glossic Fragiudalfs) on the hillslopes [Huddleston, 1967] . Annual precipitation is about 1340 mm, and annual average daily maximum and minimum air temperatures are 23.9°C and 10.6°C, respectively.
[8] Our study utilizes the data compiled for Nelson Farm during previous work by researchers from the U.S. Geological Survey [Huntington et al., 1998; Sharpe et al., 1998; Harden et al., 1999] . Nelson Farm was converted from forests to agriculture around 1870 and used primarily for cotton production until about 1950 (Table 1) . Historical management information, including crops cultivated, types of tillage, harvest, and fertilizer application, are listed in Table 1 , which is adapted largely from Sharpe et al. [1998] and Harden et al. [1999] . The SOC contents at various slope positions (upper or ridge, middle, and lower) were measured in 1996 [Harden et al., 1999] . In this study, the sites located at the ridge top were considered as the control sites, without erosion or deposition. However, we recognize that the ridge top sites might have experienced soil erosion as well due to tillage translocation [Harden et al., 1999] . The sites at the middle slope were considered as eroding sites, and the ones at the lower slope were depositional sites.
[9] Harden et al. [1999] also measured soil carbon profiles at several nearby forested sites, providing references to the possible SOC conditions of the forests around 1870, just prior to cutting and conversion to agriculture. The main forest sites (i.e., Goodwin Creek) were located in a mixed hardwood forest with an area of about 20 acres and an age of at least 80 years. The aboveground net primary productivity (AGNPP) was 335 g C m À2 yr À1 at the Goodwin Creek site. SOC contents and bulk density of soils at various depths were given by Harden et al. [1999] .
3. Metrics for Impact Assessment 3.1. Atmospheric C Sources/Sinks Under Erosion and Deposition: È
[10] For sites with erosion or deposition, the net change of SOC in the whole profile can be expressed by the following mass conservation equation:
where k is the decomposition coefficient of SOC (C), C litter is C input from litter, and C x is the C eroded (negative) or deposited (positive). Therefore the net C exchange between the soil and atmosphere (È, or the source/sink strength of atmospheric carbon) can be calculated as
When È is positive, the soil is acting as a sink, and vice versa. Equations (1) and (2) can be applied to either terrestrial or aquatic ecosystems.
3.2. Impact of Soil Erosion and Deposition on SOC Stock: ψ ψ ψ [11] Impact of soil erosion or deposition (ψ) on SOC stock is defined as the difference between the SOC stock at an erosional or depositional site (C t ) and that at a control site without erosion or deposition (C 0,t ) at time t,
It is assumed in equation (3) that the initial conditions at time 0 for the control site and the erosional or depositional site are identical and the only difference between the sites is erosion or deposition. In a relative term, ψ becomes
where C 0 is the initial SOC stock.
3.3. Impact of Soil Erosion and Deposition on SOC Sink/Source:
[12] In a manner similar to equation (3), the impact of erosion or deposition on atmospheric C sink or source () can be quantified as follows: ; A90, automatic fertilization to maintain production at 90% of the maximum; MAX, automatic fertilization to maintain the maximum production.
d Harvest: GS, grain with 50% removal of the aboveground nongrain biomass; H, hay; G, grain.
where È t and È 0,t are the carbon source/sink strength at the erosional or depositional site and the control site, respectively, at time t as defined by equation (2). This approach is site specific and cannot be applied directly to calculation of aggregate effects among eroding and depositional sites within a landscape, where it will be necessary to account for the relative areas of erosion and deposition, and for the rate of decomposition of SOC during transport.
Structure and Major Characteristics of EDCM
[13] In this section, we introduce the major characteristics of the newly developed model Erosion-Deposition-CarbonModel (EDCM), including its features derived from the well-established CENTURY model, and methods and algorithms for tracking the evolution of soil characteristics of soil profiles under the influence of soil erosion or deposition. Other characteristics of EDCM (e.g., the algorithms for calculating net primary production considering historical changes in crop genetics and harvesting practices, the methods for predicting soil temperature profiles, and the simulation of SOC decomposition in deep layers) are given in Appendix A.
EDCM and Its Relationship With CENTURY IV
[14] EDCM is an ecosystem model based on the wellestablished ecosystem model CENTURY (CENTURY refers to CENTURY version IV in this paper unless explicitly specified otherwise) [Parton et al., 1987 . EDCM was developed to account for the SOC dynamics in the whole soil profile and to be capable of considering the impact of soil erosion and deposition. We used CENTURY as a basis for developing EDCM because CENTURY has been tested widely around the world at various spatial scales [Parton et al., 1993; Schimel et al., 1994; VEMAP Members, 1995] , and the algorithms for the prediction of SOC dynamics are well tested. These established algorithms form the basis of several other biogeochemical models, such as CASA [Potter et al., 1993] , InTEC [Chen et al., 2000] , and TRIPLEX [Peng et al., 2002] . CENTURY has a one-soil-layer structure for carbon and nutrients. In contrast, EDCM adopts a multisoil-layer structure to account for the stratification of the soil profile and SOC in each soil layer. EDCM dynamically keeps track of the evolution of the soil profile and carbon storage as influenced by soil erosion and deposition.
[15] CENTURY simulates carbon and nutrient dynamics in the top 20-cm soil layer, which is set as a constant in the model. This fixed top layer approach is appropriate for many applications because most of the soil biological activity takes place in this layer. However, it may severely limit the model's capability to simulate the impacts of soil erosion and deposition on soil profile properties such as SOC. Some important processes, such as the impacts of soil erosion and deposition on the SOC below the top layer, cannot be realistically simulated with the existing model structure.
[16] For example, to adapt the CENTURY model to accommodate the impact of soil erosion and deposition on SOC, Harden et al. [1999] retained the basic one layer structure of CENTURY for biogeochemical processes, but added two external C pools. The two external C pools, referred to here as the ''subsoil'' and ''eroded'' pools, were designated for keeping account of the amount of carbon below the top layer and the amount of carbon that is eroded, respectively. In this approach, the ''subsoil'' SOC, once initialized, can only be changed by adjustment to conserve mass during soil erosion. In this adjustment, a portion of the subsoil is transferred to the top layer in order to keep the thickness of the top layer constant during erosion. No algorithms are implemented in CENTURY, or in the adaptation of Harden et al., to consider the impacts of biophysical processes, such as decomposition and root growth and senescence on the SOC amount contained in the ''subsoil'' C pool. This static accounting approach cannot accommodate intrinsic changes caused by the alterations of land cover types, which may have different rooting properties, and the subsoil changes in susceptibility to decomposition, which may be very sensitive to changes of soil depth.
[17] The fate of the carbon in the ''eroded'' C pools of Harden et al. [1999] was evaluated using a spreadsheet model and arbitrary decomposition coefficients. CENTURY does not have the capability of simulating SOC dynamics in depositional environments. Although the approach of Harden et al. provided a qualitative analytical structure to evaluate the possible fate of eroded carbon with minimal modification of the CENTURY model, the calculations relating to the ''subsoil'' and ''eroded'' C pools cannot be constrained by field data or used to evaluate SOC dynamics at the depositional sites.
[18] CENTURY has limited capability for predicting the impact of soil erosion and deposition on SOC and is not capable of simulating SOC dynamics in deep soil layers. However, CENTURY has a set of widely tested algorithms for the simulation of SOC and nutrient dynamics in the top 20-cm layer. The EDCM model retains this set of algorithms for the top layer and uses them as the primary basis for the simulation of SOC dynamics in deep soil layers. This treatment retains the proven applicability of CENTURY model for the topsoil layer and provides consistency between the top layer and the deeper layers in EDCM simulations. This inheritance in modeling approaches not only makes EDCM as robust as CENTURY in simulating ecosystem dynamics but also adds another dimension for simulating the impacts of soil erosion and deposition processes on SOC.
Multisoil-Layer Model Structure
[19] To simulate the dynamics of SOC under nonequilibrium conditions, models with a multisoil-layer structure are necessary [Bouwman, 1989; Sharpley and Williams, 1990] . Under the influence of soil erosion or deposition, characteristics of the soil profile and SOC in all the soil layers must change dynamically. If the thickness of the top layer is fixed, its SOC content must experience a dynamic replacement [Schimel et al., 1985; Bouwman, 1989; Harden et al., 1999] . Soil decomposition processes must be changed as well owing to the increase (under erosion) or decrease (under deposition) of exposure of SOC in deep layers. The biomass, growth, and death of plant roots must also change dynamically.
[20] In EDCM, up to 10 soil layers can be used to characterize the soil profile. The thickness of the top layer is fixed at 20 cm following the convention of the CENTURY model. This treatment enables EDCM to use the parameter files developed from many applications for CENTURY. The thickness of other soil layers may vary. The initial thickness of each layer is specified in an input file that also specifies information such as bulk density, sand and clay fractions of the soil (texture), and pool sizes of active, slow, and passive SOC in each layer.
Soil and Carbon Erosion
[21] The rate of soil erosion can be specified monthly using the event schedule file. The thickness of eroded soil is calculated by dividing the eroded soil mass by the bulk density of the topsoil layer. The SOC eroded from the top layer is calculated as
where f erod is the fraction of the topsoil layer being eroded, C 20 is the total amount of SOC in the top 20-cm layer (gC m À2 ), and ''enrich'' is an enrichment factor for the SOC in the eroded soil. The enrichment factor, expressed as the ratio of SOC concentration in the eroded soil to that in the topsoil layer, accounts for the fact that soil surface subject to erosion may be enriched in SOC relative to the average of the top 20-cm layer.
[22] To keep the thickness of the top layer constant during erosion, the EDCM model transfers a certain amount of soil to the top layer from the second layer to account for the reduction of thickness caused by erosion. The procedures used in EDCM are similar to the scheme proposed in a number of studies [Schimel et al., 1985; Bouwman, 1989; Harden et al., 1999] and are described in Appendix A. Soil properties in the top layer, such as bulk density and root biomass, are adjusted accordingly using a thickness-weighted approach (see Appendix A).
Soil and Carbon Deposition
[23] Both the rate of soil deposition and the content of SOC in the deposited materials are specified in order to simulate the SOC dynamics at the depositional sites. The soil deposition rate is used to simulate a change of soil depth. Because of the difficulty in relating eroded sediment to source material and transport on the landscape, we did not attempt to predict the texture of the deposited material. Instead, it is assumed in EDCM that the texture of the deposited soil is the same as the surface soil at the deposition site.
[24] In EDCM, the increase in soil thickness after deposition (d d or the equivalent thickness of the deposited soil) is estimated as the deposited soil mass per unit area divided by the soil bulk density of the top layer at the deposition site. Before the deposited SOC is added to the top layer, a certain fraction (= d d /20, where 20 is the thickness of the top layer in centimeters) of SOC is subtracted from the top layer and added to the second layer. Accordingly, the thickness of the second layer is increased by the equivalent thickness. The second layer is divided into two layers if it becomes thicker than 20 cm after the addition, with the new third layer having a thickness of 20 cm. The original third layer becomes the fourth, the fourth becomes the fifth, and so forth. The tenth layer is combined with the ninth layer if necessary. This treatment is to prevent the second layer from becoming too thick, and thus provides a more detailed representation of soil profile near the surface where biological activities are faster than in the deeper layers. The dynamics of SOC, bulk density, soil texture, and plant roots during deposition are adjusted using similar approaches to those described for soil and carbon erosion.
Comparison Between EDCM and CENTURY V
[25] When this paper was written, a new version of CENTURY (CENTURY V) had been developed (http:// www.nrel.colostate.edu/projects/century5/). Similar to EDCM, CENTURY V uses a multiple soil-layer model structure to accommodate vertical variability of soil texture, bulk density, wilting point, field capacity, and percent soil organic matter. CENTURY V can simulate the impacts of both erosion and deposition. Nevertheless, there are fundamental differences between EDCM and CENTURY V.
[26] EDCM simulates SOC dynamics in each layer independently with layer-dependent biochemophysical processes and properties, while CENTURY V calculates the SOC profile as a function of the SOC content in the top layer and soil depth. The biogeochemical processes including carbon dynamics are simulated only in the top layer. Apparently, the CENTURY V approach is not intrinsically dynamic because it assumes that the SOC distribution in soil profiles follows an exponential decay function that is static over time and thus does not allow for SOC distribution patterns to change over time. In EDCM, SOC vertical distribution patterns can be altered by changes in rooting properties and soil erosion and deposition. The CENTURY V exponential decay pattern of SOC with depth might not hold under deposition environments in which SOC content in the top layer might be lower than those in deep layers.
[27] Compared with the dynamic representation of the evolution of soil profiles in EDCM, CENTURY V uses three layers to simulate carbon dynamics under erosion and deposition. The top simulation layer varies from 20 to 50 cm. Since the lower layer depth is fixed at 200 cm, pools of infinite capacity (i.e., the third layer) are used to provide or accept material in the lower layer as the lower layer thickness expands or contracts. Although CENTURY V is able to track the evolution of soil depth under erosion or deposition, it has limited capability in simulating SOC dynamics in the entire profile because SOC changes in the deep layers are calculated without consideration of various dynamic processes in these layers.
Model Parameterization
[28] Most of the input files for EDCM were taken directly from Sharpe et al. [1998] and Harden et al. [1999] . Modifications are described below.
Soil Profile Initialization and Spin-Up Run
[29] To accommodate the observed SOC profiles and the rooting depth of temperate trees [Jackson et al., 1996] , 10 layers (20 cm each) with a total depth of 2 m were used for all model simulations. Probably owing to the presence of a fragipan, field measurements of SOC were only taken to a depth of 60 cm at the ridge top in the hardwood forest at Goodwin Creek. The existence of a fragipan, however, might not be a physical limitation for root penetration because considerable amounts of SOC were observed below the fragipan [Harden et al., 1999] .
[30] Initial conditions specified for each of the soil layers include thickness, contents of five SOC pools, bulk density, and fractions of sand, silt, and clay in each layer. The vertical distribution of tree roots was predicted using the general equation for temperate trees [Jackson et al., 1996] . The SOC values in each of the five SOC pools were generated from a 10,000-year spin-up run in which the modeled system reaches an equilibrium condition. Several spin-up runs were performed, with adjustment of the depthdependent soil aeration parameters to give the best agreement with the observed ridge top SOC profile.
Characteristics of Crops 5.2.1. Vertical Distribution of Roots
[31] Land cover change is usually accompanied by changes in rooting pattern, which in turn affects the allocation of net primary productivity (NPP) into the soil profile. The vertical distribution of roots for crops was predicted based on a normalized function derived from Buyanovsky and Wagner [1986] . The normalized grass root distribution was from Jackson et al. [1996] .
Historical Change of Harvest Index
[32] In EDCM, NPP and plant residue return are related to historical changes of harvest index and grain yield (see Appendix A). Harvest index is defined as the ratio of grain biomass to aboveground biomass. The maximum harvest index, inherited from CENTURY, is a static input parameter in EDCM. We assumed that the maximum harvest index for each crop species in the default CENTURY crop input file represents the value around 1995. The maximum harvest index (Hi) at each point in time was derived from this 1995 value using empirical formulas described below. The realized harvest index, which is simulated in EDCM, depends on the maximum Hi, nutrients, and water availability during the growing season.
[33] Extensive increases of maximum or potential harvest index due to genetic improvements over time have been reported for various crops [Austin et al., 1980; Wych and Rasmusson, 1983; Cox et al., 1988; Russel, 1991; Rooney and Leigh, 1993; Hay, 1995; Voldeng et al., 1997; Sinclair, 1998 ]. The harvest index of winter wheat from 1900 to 1988 increased at a rate of 0.0016 yr À1 (r 2 = 0.68) according to the data of Cox et al. [1988] . In this study, we assumed that the historical changes of potential Hi for all crops follow the pattern of winter wheat cultivars as observed by Cox et al. [1988] . This assumption was supported by the increase rate of 0.0017 yr À1 observed in corn from 1960 to 1992 [Huggins and Fuchs, 1997] , 0.0012 -0.0024 yr À1 for wheat [Austin et al., 1980; Riggs et al., 1981; Wych and Rasmusson, 1983] , and others summarized by Hay [1995] . We assumed that the potential harvest index for a specific crop was constant before 1900, which was consistent with observations [Rooney and Leigh, 1993] .
Historical Change of Grain Yield
[34] We have shown that the historical patterns of harvest index and grain yield are both important constraints in estimating the amount of plant residue returned to the soil (see Appendix A). From 1870 to 1997, crop yields increased dramatically in the United States because of changes in crop genetics, harvest index, fertilization, and cropping practices. To incorporate these trends into the EDCM, we fitted a time-dependent logistic growth function for each crop using the historical, statewide, annual mean yield data of the crop compiled by the U.S. Department of Agriculture National Agricultural Statistics Service (http:// www.usda.gov/nass/). These derived functions, along with the temporal change of harvest index, were then used for estimating the historical change of potential primary productivity for various crops.
Soil Erosion and Deposition
[35] The erosion rates during various periods were documented by Harden et al. [1999] and are listed in Table 1 . Erosion rates were compiled from different sources, including measurements collected at the Nelson Farm and other references nearby. Because of the uncertainty in erosion history, two sets of rates representing the maximum and minimum scenarios were provided. Soil and crop management practices, along with precipitation variability, were used to guide the estimation of the range and changes of soil erosion rates over time.
[36] Using the SOC content in the top 2.5 cm of soil, Starr et al. [2000] derived an enrichment factor (''enrich'') of 2.1 in two conservation tillage watersheds in Ohio, on the basis of 12 years of observations. Collins et al. [1997] showed that relating eroded sediment to source material in intermediatesized watersheds (10-km scale) was complex and difficult. They reported that the enrichment factor ranged from 0.5 to greater than 5, depending on whether the eroding site was stream bank, forest, pasture, or cultivated soil. A value of 2 was used for the enrichment factor in this study.
[37] Because deposition rates were not measured at Nelson Farm, we set maximum and minimum scenarios for soil deposition to correspond to the mass soil and SOC erosion rates of the maximum and minimum erosion scenarios. This approach would be equivalent to assuming equal areas of erosion and deposition, and no loss of SOC during transport, if we were to balance soil and SOC mass between erosional and depositional sites. Although these assumptions are not likely at the landscape scale, they provide a basis for comparison of the effects of specific erosional soil loss with the equivalent depositional soil accretion.
Management Practices
[38] Management practices, such as crop transition, cultivation, fertilization, and harvesting method, were taken from Harden et al. [1999] and Sharpe et al. [1998] and are listed in Table 1 .
Model Calibration, Validation, and Sensitivity Analysis
[39] Historical grain yields and the vertical distribution of SOC as measured at the ridge top were used to calibrate two sets of model parameters. First, the normalized general trends of historical yield of different crops were derived from national data sets, and they might be different from those at Nelson Farm. The parameters of the logistic growth function were adjusted, if necessary, to catch the general trends of measured crop yield at Nelson Farm. It is vitally important that the model can realistically catch the temporal change of grain yield and therefore correctly estimate the dynamic change of plant residue input into the soil system over time. Second, the parameters in the equation that describes the decrease of soil aeration with depth (see Appendix A) were calibrated using the observed vertical distribution of SOC at the ridge.
[40] The model was validated using field measurements of soil moisture, soil temperature, and the vertical distribution of SOC as measured in 1996 at the eroding and depositional sites. The following model runs were performed to carry our analysis from spin-up through calibration to scenario development.
[41] 1. In the spin-up forest run we used the parameter set developed for the Coweeta broadleaved forests by the CENTURY staff. Model calibration was performed on the vertical distribution of SOC. The purpose of the spin-up run is to generate an initial allocation of SOC to the five pools (metabolic, structural, active, slow, and passive) for each soil layer for subsequent runs that introduce human disturbances (from 1870 to 1997).
[42] 2. In the scenario with no erosion or deposition (NOED), starting from the results generated from the spin-up run (representing the forest around 1870), EDCM was run for the Nelson Farm ridge top with all the historical management and cropping practices but without soil erosion or deposition. Model calibration on grain yield was performed in this run.
[43] 3. In the minimum erosion scenario (MINE), all the conditions and inputs were the same as for NOED except that the minimum erosion scenario was used (Table 1 , minimum erosion column).
[44] 4. In the minimum deposition scenario (MIND), all the conditions and inputs were the same as for NOED except that the minimum deposition scenario was used.
[45] 5. In the maximum erosion scenario (MAXE), all the conditions and inputs were the same as for NOED except that the maximum erosion scenario was used (Table 1 , maximum erosion column).
[46] 6. In the maximum deposition scenario (MAXD), all the conditions and inputs were the same as for NOED except that the maximum deposition scenario was used.
[47] The baselines for the sensitivity analysis were MINE for erosion simulations and MIND for deposition simulations. In the sensitivity analysis, the following input parameters and drivers were altered by À10% or +10% one at a time: initial SOC quantity and quality, soil texture, precipitation, temperature, potential primary productivity, vertical allocation of NPP to roots, and erosion and deposition rates. The sensitivity of the following variables to the prescribed changes was analyzed: NPP, grain production, the vertical change of SOC, cumulative CO 2 emissions during the entire simulation period, and the importance of deep soil layers in accounting for SOC change in soil.
Results

Spin-Up Forest Run
[48] The simulated NPP for the forest under equilibrium conditions was 350 gC m À2 yr À1 , which was in good agreement with the field measurement of 335 gC m , respectively. Figure 1 shows the simulated vertical distributions of fast, slow, and passive SOC in the profile, which are consistent with field observations [Harrison et al., 1993; Van Dam et al., 1997] .
Evolution of Soil Depth and SOC Erosion
[49] The initial soil depth was set at 200.0 cm and remained constant for the NOED case. Soil depth at the end of the simulation was 177 cm and 139 cm, respectively, under MINE and MAXE, representing a change of 23 cm Figure 1 . Simulated vertical distributions of fractions of active, slow, and passive soil organic carbon in soil profile for the forest (in 1870) and croplands under various erosion and deposition scenarios. No erosion or deposition was specified under forest and NOED during model simulation. MINE and MAXE represented minimum and maximum erosion scenarios, while MIND and MAXD corresponded to minimum and maximum deposition scenarios, respectively. and 61 cm, respectively, during the 128 years. The original top 20-cm layer was completely eroded under both scenarios. The depth in 1997 was 223 cm and 264 cm under MIND and MAXD, respectively. The minor difference between the gain (deposition) and loss (erosion) in soil depth was caused by the difference of bulk density in the profiles.
[50] Overall, about 2452 and 4403 gC m À2 were eroded between 1870 and 1997 under MINE and MAXE, respectively (Figure 2 ). The SOC erosion rate immediately after the pasture-cropland conversion greatly increased to about 100 gC m À2 yr À1 under MINE or 300 gC m À2 yr À1 under MAXE, and then decreased gradually afterward, mainly owing to the reduction of SOC percentage in the top layer caused by previous erosion (SOC decreases with depth) and crop harvesting. The massive SOC erosion between 1872 and 1910 accounted for about half of the total SOC eroded during the entire simulation period (128 years). Because the amount of SOC eroded was calculated as the product of the amount of soil eroded and the corresponding content of SOC in the top layer, and because the SOC content under MINE was consistently higher than that under MAXE, more SOC could be eroded under MINE during certain time periods when soil erosion rates were close under both scenarios (Figure 2 ).
Soil Moisture, Soil Temperature, and Grain Yield
[51] The seasonal dynamics of soil moisture content and temperature in the first layer were well simulated by EDCM (Figure 3 ). It was difficult to do a statistical assessment on model performance because field measurements were sporadic in time, while model simulations were at monthly time steps. EDCM captured the general historical pattern of crop yield as observed in average yields for different periods at ). Simulated grain yield decreased 18% and 3%, respectively, under MAXE and MINE compared with that under NOED during the entire simulation period. Soil deposition had no apparent impact on grain yield. The simulated effects were consistent with field studies [Frye et al., 1982; Schertz, 1989; Mokma and Sietz, 1992; Malhi et al., 1994; Schumacher et al., 1994] . Schertz [1989] reported that corn yields under a severe erosion phase decreased 15% and 10% compared with the slight and moderate erosion phases, respectively, over a 6-year period (1981 -1986) for three Indiana soils. Mokma and Sietz [1992] reported that 5-year corn averages for severely eroded plots on Marlette soil in Michigan were 21% less than those for slightly eroded plots. Reduced yield on eroded soils can be explained by a variety of factors, including lower organic matter content, higher soil bulk density, and lower amounts of soil nutrients [Frye et al., 1982; Schertz, 1989] .
SOC Dynamics in the Top 20-cm Layer
[52] After pasture was converted to cropland in 1883, SOC dynamics could be characterized by two distinct periods: depletion (1883 -1950) and recovery (1950 -1997) . SOC depletion from 1883 to 1950 was caused by grain and straw harvest and severe soil erosion. At the end of this period, toplayer SOC had been reduced significantly, ranging from 2021 gC m À2 (63% loss) under MIND to 2913 gC m À2 (91% loss) under MAXE ( Figure 5 ). The SOC contents in the top layer around 1950 were in the following descending order: MIND, NOED, MAXD, MINE, and MAXE. SOC under MAXD was initially higher than in all other scenarios because of massive deposition of SOC, but then it gradually became lower than those under MIND and NOED because the deposited materials (derived from the MAXE scenario) had less SOC than those on the MIND and NOED scenarios ( Figure 5 ). Both slow and passive SOC demonstrated depletion patterns similar to the total SOC ( Figure 5 ). However, the depletion of slow SOC was more dramatic than the passive SOC. About 89% to 96% of the initial slow top-layer SOC was depleted at the end of this period, whereas the reduction of passive SOC ranged from 7% (MIND) to 81% (MAXE). The reduction of passive SOC under MAXD was not caused by decomposition as much as by dilution by deposition of materials with less passive SOC content. The fast depletion of passive SOC in the eroding scenarios was caused by soil erosion.
[53] The SOC recovery period started in 1950 when carbon flux into the top layer became positive owing to intensification of fertilization, use of genetically improved crops, and improved cropping practices, such as the retention of plant residue after harvest (Table 1) . During this period, the largest SOC increase was found under MAXD, followed by MIND, NOED, MAXE, and MINE. The majority of the SOC increase in the top layer was caused [54] The simulated top-layer SOC under erosion scenarios ranged from 1816 to 1919 gC m À2 , higher than field measurements of 1142 to1518 gC m À2 taken at three upper slope positions [Harden et al., 1999] . The significant difference between the simulated and measured SOC in the top layer might be caused by a number of factors. The actual erosion rates might have been higher than the rates specified, or a fraction of the nutrients added to these sites by fertilization might have been eroded and thus unavailable to the nutrient pools in this study, contributing to the overestimation of primary production and SOC stock on these sites. The simulated SOC under deposition scenarios ranged from 2458 to 2902 gC m
À2
, within the range of field measurements of 2410 ± 438 (standard deviation) gC m À2 from three lower slope positions.
[55] SOC quality in the top layer experienced dramatic temporal changes (Figure 6 ). Before 1950, the fraction of slow top-layer SOC decreased from 63% to less than 20%, while the fraction of passive SOC increased proportionally. The fraction of active SOC remained relatively stable at around 3%. Since 1950, the fraction of active top-layer SOC increased up to 20% under MAXE, and the fraction of slow SOC increased steadily, indicating a steady increase of plant residue input into the soil. Consequently, the fraction of passive SOC decreased proportionally. Fractions of passive top-layer SOC ranged from 16% (MAXE) to 45% (NOED). Results indicated that top-layer SOC in the erosional scenarios was more labile than that in the NOED and MIND scenarios.
SOC Dynamics in Soil Profiles
[56] Similarly to the temporal patterns of SOC in the top layer, two distinct periods could be found in the temporal changes of SOC in the whole soil profile ( Figure 5 ). In the ) for MIND (Table 3) . SOC contents varied from 3178 gC m À2 for MAXE to 8222 gC m À2 for MAXD in 1997 (Table 2) , suggesting SOC gains in the depositional scenarios and SOC loss in the control and erosional scenarios.
[57] Deposition increased the amount of slow C most dramatically in the deep layers under MAXD. This response was caused by the dramatically increased deposition (Figure 2 ) that effectively accelerates the burial of SOC in the deep layers because the thickness of the surface layer was set constant. Any deposition causes vertical transport of SOC in the model, and SOC is less susceptible to decomposition as it becomes buried in deeper layers.
[58] Metrics of the impact of erosion on SOC were negative in both eroding scenarios for both periods (i.e., 1870 to 1950 and 1950 to 1997) ( during the entire simulation period. The simulated negative impact of soil erosion and positive impact of deposition on SOC in the profile were consistent with field measurements [Slater and Carleton, 1938; Harden et al., 1999] .
[59] The quality of SOC in the deep layers changes significantly in all scenarios (Figure 6 ), although not as dramatically as in the top layer. In 1870, the slow C accounted for approximately 50% of the total SOC, but by 1950 it accounted for only about 20% under all scenarios, and then increased to values between 26% and 44%. The temporal change of the fraction of the passive SOC was the opposite of slow SOC. The fast SOC accounted for less than 10% for most of the time. At the end of the simulation, the quality of the SOC profile had changed significantly compared with the initial quality (Figure 1 ). This change probably reflects the change induced by different rooting properties of trees and crops, as well as the impact of soil erosion and deposition. Tree roots penetrate more deeply into the profile, and therefore the fractions of the slow and active pools in the deep layers would be larger under forests than under crops.
C Source or Sink
[60] The strengths of C source or sink (È) were calculated on the basis of mass conservation according to equation (2). All sites acted as C sources to the atmosphere CO 2 from 1870 to 1950 with source strengths ranging from 13 to 49 gC m À2 yr À1 (Table 4 ). The C source strengths had this ascending order: MAXE, MINE, NOED, MIND, and MAXD. All sites became C sinks (26 to 44 gC m À2 yr
À1
) from 1950 to 1997 with the highest sink strength found under MAXE and lowest under MAXD (Table 3) . During the entire simulation period (1870 to 1997), the eroding scenarios acted as C sinks with sink strengths ranging from1 to 8 gC m À2 yr À1 , while the control and depositional scenarios were C sources (Table 4) .
[61] The values measuring the impact of erosion or deposition on C source or sink are shown in Table 4 . The values were positive in the eroding scenarios during both time periods (i.e., 1870 to 1950 and 1870 to 1997), indicating erosion reduced their C source strengths from 1870 to 1950 and enhanced their C sink strengths from 1950 to 1997. This interpretation is based on previous findings that all scenarios were C sources from 1870 to 1950 and they were C sinks from 1950 to 1997. In contrast, the values for the depositional scenarios were all negative Figure 6 . Simulated temporal change of the soil organic carbon (SOC) quality (i.e., the composition of the fast, slow, and passive soil organic carbon pools) in (top) the top 20-cm layer and (bottom) the whole profile from 1870 to 1997. , suggesting that not all SOC deposited could be protected from decomposition and the scenario acted as a C source of 2739 gC m
À2
. The depositional scenarios have more carbon available for decomposition and, therefore, larger emission rates.
Sensitivity Analysis
[62] The results of a sensitivity analysis of the EDCM model under the MINE scenario are listed in Table 5 . Descriptions of Table 5 are given in Appendix A. The sensitivity of EDCM under the minimum depositional case MIND was roughly similar to its sensitivity under the minimum erosional case MINE, with some difference in magnitude (see Appendix A).
Discussion
SOC Dynamics Under Erosion or Deposition
[63] The predicted general pattern of SOC dynamics following the conversion of forests to croplands was in agreement with both field observations [Buyanovsky and Wagner, 1998b] and previous modeling results [Donigian et al., 1994; Harden et al., 1999] , although the exact trajectories may differ. Few studies have been designed for the purpose of observing SOC change driven by erosion and deposition. Owing to the difficulty of long-term monitoring at the watershed scale, field studies that were designed to assess the impact of soil erosion and deposition used a paired-plot approach or a toposequence approach [Slater and Carleton, 1938; Webber, 1964; Schimel et al., 1985; Harden et al., 1999] . Field measurements were taken from several topographic positions that experienced various degrees of soil erosion or deposition, and the difference in SOC storage was attributed to either soil erosion or deposition. As indicated by our simulated results (Figure 5 ), a couple of points selected from the SOC trajectories would not reveal many important processes. Capturing the dynamics of SOC under the influence of erosion or deposition requires that soil and SOC erosion or deposition, as well as SOC content, be monitored during long-term studies.
Importance of the Whole-Profile Approach
[64] It is essentially impossible to evaluate the overall impact of soil erosion and deposition if we only observe the change in SOC in the top layer or couple of layers, without observing the SOC change in the whole profile. Erosion and deposition can change the depth as well as the soil properties and processes within the profile. The whole-profile approach simulates the dynamics of the entire profile and therefore provides a suitable framework for assessing the impact of soil erosion and deposition. The metrics measuring the impacts of soil erosion and deposition should not be applied to a single layer that has experienced dynamic replacement of soil.
[65] It has been shown by this study and in field observations [Harrison et al., 1993; Van Dam et al., 1997] that SOC quality changes with depth ( Figure 1 ). The fraction of labile SOC (i.e., active pools) decreases with increasing soil depth. This distribution pattern could be altered by land cover change (especially with changes in rooting properties), as well as by soil erosion and deposition. Without incorporating the changes in SOC quality, we would introduce biases into the SOC decomposition and therefore the simulation of the entire ecosystem. Omitting explicit consideration of the change of the fractions of various SOC pools in the soil profile might lead to overestimating SOC oxidation [Voroney et al., 1981] and nitrogen mineralization [Hadas et al., 1989 ] in deep layers. [66] For simulations that include erosion or deposition, a biogeochemical model must have a realistic mechanism to account for the change of C content in each soil layer. By dynamically removing soil layers in the erosional cases or creating layers in the depositional cases, and using moisture, temperature, and aeration functions to determine decomposition rates, EDCM is able to simulate SOC changes in a soil profile. Figure 1 shows that the fraction of passive carbon at about 50 cm is higher in the MAXD case than in the other cases, reflecting the dynamic interaction between the deposition of subsoil materials with a relatively high proportion of passive C and the continued incorporation of new residue at the surface. We can also observe that the amounts of slow and passive C in the subsoil layers are considerably higher in the depositional cases than in the NOED or erosional cases. In Figure 5 , panel C2, the curve for the MAXD case is above the curve for the MIND case by more than the MIND curve is above the NOED curve. This may be due to a reduced rate of decomposition at depth, as influenced by moisture, temperature, and aeration.
Comparison With CENTURY in the Topsoil Layer
[67] The fundamental difference between EDCM and its predecessor CENTURY is the number of soil layers used to simulate biogeochemical processes in the model. CENTURY is designed to simulate carbon and nutrient dynamics in the top 20-cm layer. In contrast, EDCM adopts a multiple soil layer structure that enables the simulation of biogeochemical processes in the entire profile. Furthermore, the number of soil layers varies in EDCM during model simulations to dynamically account for the influences of soil erosion or deposition on the evolution of a soil profile.
[68] We compared our EDCM simulations of SOC dynamics in the top 20-cm layer to the simulations of Harden et al. [1999] using the CENTURY model (Figure 7) . In making this comparison we used the original CENTURY IV data and model code that were employed and published on the internet by J. W. Harden et al. (http://www.nrel.colostate. edu/projects/century/mississippi.htm, and links cited therein). We observed several important differences.
[69] First, the steady state forest spin-up simulations of J. W. Harden et al. included a simulated fire and complete tree removal every 100 years. We performed CENTURY IV simulations using the Harden et al. code without these events, and determined that the resulting steady state SOC level was much higher than the observed field measurements. Harden et al. did not document their reasons for including fire and tree removal in their spin-up. We did not apply fire or tree removal events in the EDCM forest spinup, yet EDCM yielded a steady state SOC concentration in reasonable agreement with observations. We conclude that ; the following variables were expressed as cumulative during the simulation period: grain and straw harvested, C eroded and CO 2 effluxes; soil depth, total, slow, and passive SOC represented the values at the end of the simulation. (1) Clay fraction increased 10% and sand fraction decreased 10%; (2) clay fraction decreased 10% and sand fraction increased 10%.
LIU ET AL.: SOIL MOVEMENT AND CARBON DYNAMICS
EDCM and CENTURY IV differ fundamentally in their simulation of steady state forest SOC levels.
[70] Second, EDCM estimated soil depth reduction due to erosion ranging from 23 to 61 cm, as compared with an estimate of 15 to 20 cm from Harden et al. [1999] . We cannot explain the difference, but we note that Harden et al. reported that their estimated soil erosion from 1870 to 1997 resulted in a total loss of 340 to 869 kg soil m
À2
. Assuming a reasonable bulk density of 1400 kg m À3 , this range of eroded soil mass would be equivalent to a depth of 22 to 62 cm, which is very close to our estimates.
[71] Another difference was that the total eroded SOC simulated by EDCM was much higher than that reported by Harden et al. [1999] . This difference appears to be caused by several factors. The values used by Harden et al. to define the initial steady state values for the ''subsoil'' C pool were lower in the published code than those reported in their paper. Our experiments using the Harden et al. code indicate that the choice of values for these parameters has a more significant effect than reported by Harden et al. Their use of low initial subsoil SOC concentrations, and the passive depletion of SOC in their ''subsoil'' pool, meant that there was less SOC available for removal by erosion. In addition, differences in the enrichment factor (''enrich'') and model structure probably also contributed to this difference. On the basis of field observations [Collins et al., 1997; Starr et al., 2000] , we used an enrichment factor of 2 in our study. In contrast, Harden et al. used a value of 1. Our dynamic Figure 7 . Comparison of the dynamics of total (somtc), slow (som2c), and passive (som3c) SOC in the top 20-cm layer, and eroded SOC simulated by EDCM and CENTURY under the control and two erosional scenarios. CENTURY simulations were from Harden et al. [1999] . approach for simulating the SOC stock in deep layers as well as the transfer of SOC from dynamic subsurface layer to the top layer was fundamentally different from Harden et al.'s static ''subsoil'' C pool approach. These differences inevitably affect the amount of SOC erosion.
[72] SOC depletion was more pronounced in our study during the depletion period (1870 to 1950) for all landscape positions. Some of this difference might be caused by differences in NPP estimation, as suggested by the differences observed in control simulations without erosion or deposition (Figure 7a ). Our NPP estimates were constrained by historical grain yield (Figure 4) . A similar constraint was not used by Harden et al. [1999] , possibly contributing to the slower depletion of SOC from 1870 to 1950 in that study. Although the trends of simulated SOC recovery after 1950 were similar in both models, the rate of soil carbon erosion continued to be higher in the EDCM simulations at all times.
[73] Finally, we were unable to reproduce Harden et al.'s [1999] offline calculation of the decomposition of eroded SOC for comparison to our EDCM depositional scenarios. We determined that the integrated soil carbon flux used in their offline calculations for net carbon exchange without erosion (their Figure 6 ) was much greater than the integrated flux calculated directly from their CENTURY IV model output. This observation calls into question the offline calculations of Harden et al. regarding effects of erosion on net carbon exchange. For similar reasons, we were unable to reproduce Harden et al.'s off-line calculation of radiocarbon levels in eroded soils. Thus the conclusions of Harden et al. [1999] regarding landscape-scale carbon balance appear to be limited by problems in their offline calculations, which were necessary because CENTURY IV is not capable of simulating the dynamic processes affecting SOC at sites of deposition.
[74] Because CENTURY only simulates SOC dynamics in the top layer, it is impossible to do similar comparisons for the deep layers or for the entire profile. From Figure 5 we can see that SOC dynamics in the deep layers and the whole profile were different from those in the top layer. Therefore, to evaluate the impacts of soil erosion and deposition on SOC storage and soil-atmospheric CO 2 exchange, a model with a multiple soil layer structure is required.
Impact of Soil Erosion and Deposition on Carbon Source or Sink
[75] Carbon sinks occur when there is a net flux of carbon from the atmosphere to the soil. Although a full budget for the influence of erosion and sedimentation on the carbon cycle awaits further work, elements of the budget at particular points on the landscape are observable in the simulations shown here. Equation (2) suggests that whether a soil is a net sink or source to atmospheric C depends on the difference between the rate of change of SOC and the rate of SOC erosion or deposition. The soil would be a net source at an erosional site if the rate of soil SOC decrease exceeded the SOC erosion rate. It would be a source in a depositional environment if the rate of increase in stock were less than the rate of C deposition. The soil would be a net sink if the opposite relationships held. If the change in the carbon stock equaled the erosion or deposition rate, the soil would be neither a sink nor a source.
[76] Erosion reduces carbon emissions from the soil into the atmosphere during periods when the SOC is being depleted (e.g., from 1870 to 1950) (Table 4 ). There is less flux to the atmosphere because there is less SOC in the profile (a quantity change) and the SOC now at the surface has a higher proportion of passive SOC, a characteristic of its origin in the deep layers (a quality change). These changes in SOC quantity and quality tend to reduce the amount of CO 2 emissions from the soil into the atmosphere at sites of erosion. The erosional scenarios indicate enhanced C absorption since 1950, when SOC storage started to increase under the influences of improved management practices and intensified fertilization (Table 3) . On the other hand, depositional sites are net C sources to the atmosphere. The C efflux tends to be higher than the rate of C absorption by photosynthesis at the depositional sites because of the additional oxidation of deposited SOC. These findings have not been reported previously. We present them as hypotheses for future testing using long-term field flux measurements [Wofsy et al., 1993; Baldocchi et al., 1996] .
Toward a Landscape Model
[77] Although it is useful to study the separate impacts of erosion and deposition on SOC and C sources/sinks to gain insight into various processes, it is important to keep in mind that the overall budget of C between the soil and atmosphere should be assessed at a spatial scale that incorporates both erosion and deposition, such as a watershed. Our modeling study, as presented in this paper, is useful for investigating the dynamic nature of the SOC storage and the soil-atmospheric C exchange under the impact of soil erosion and deposition. However, a C mass balance could not be reached at the watershed scale because each run of the model applies to a small homogeneous patch of the landscape. Creating a C budget at the watershed scale will be the next step in model development, to completely account for the impacts of erosional, transport, and depositional processes on SOC dynamics and the soil-atmosphere C exchange.
[78] At the landscape scale, depositional soils can be expected to differ depending on the extent to which material eroded from a large area is focused into deposition in a relatively small area. Figure 8 shows the temporal changes of soil profile thickness, total SOC in the soil profiles, and cumulative CO 2 emissions from deep soil layers under two deposition scenarios. The first is the widespread deposition scenario (WDS) with a ratio of 1:1 (erosional area:depositional area). The other is the concentrated deposition scenario (CDS) with a ratio of 4:1 (erosional area:depositional area). Starting from 2 m, soil profile thickness reached 4.55 m under the CDS at the end of simulation, in contrast the thickness of soil profile only increased to 2.64 m under the WDS. SOC in the entire profile under CDS at the end of simulation reached 18,222 gC m À2 , equivalent to 582% and 222% of those under the MAXD and WDS scenarios, respectively. The total SOC in the WDS scenario increased 6656 gC m À2 after adjustment by a factor of 4 for compar-ison to the CDS scenario. This increase was significantly lower than the corresponding SOC increase of 11,689 gC m
À2
under CDS (Figure 8d ). The area-adjusted cumulative CO 2 emissions from deep layers were 16,920 gC m À2 and 7072 gC m À2 under WDS and CDS, respectively. Both SOC storage change and CO 2 emissions from deep layers indicated that concentrated deposition was more efficient in reducing CO 2 emissions from depositional sites. The results suggest that the redistribution patterns of eroded soil and SOC on the landscape has a significant impact on SOC dynamics.
[79] Although it is useful to study the separate impacts of erosion and deposition on SOC and C sources/sinks to gain insight into various processes, it is important to keep in mind that the overall budget of C between the soil and atmosphere should be assessed at a spatial scale that incorporates both erosion and deposition, such as a watershed. Our modeling study, as presented in this paper, is useful for investigating the dynamic nature of the SOC storage and the soil-atmospheric C exchange under the impact of soil erosion and deposition. However, a C mass balance could not be reached at the watershed scale because each run of the model applies to a small homogeneous patch of the landscape. Creating a C budget at the watershed scale will be the next step in model development, to completely account for the impacts of erosional, transport, and deposi- Figure 8 . Impact of the ratio of erosional to depositional area on SOC dynamics. Two ratios are presented. The first is the 1:1 ratio, representing a widespread deposition scenario (WDS). The other is the 4:1 ratio, representing concentrated deposition scenario (CDS). tional processes on SOC dynamics and the soil-atmosphere C exchange.
Conclusions
[80] The EDCM model has been developed to evaluate the impact of soil erosion and deposition on SOC storage and the C exchange between soil and the atmosphere. Traditionally, the change of SOC storage under the influences of erosion and deposition has been used to evaluate these impacts. Although this storage-based (or state-variable) approach is simple, straightforward, and easy to apply to field observations, it could not effectively reflect the dynamic interactions among the soil, atmosphere, and erosion and deposition. Our study shows that erosion has a negative impact on the SOC storage at eroding sites and deposition has a positive impact on the SOC storage at depositional areas compared with the sites that are identical but without erosion or deposition. In this study, we further assessed the impact of soil erosion and deposition on C sources and sinks and found important results that could not be revealed by using the state-variable approach.
[81] Soil erosion and deposition tend to reduce CO 2 emissions from the soil into the atmosphere by exposing low C soil at eroding sites and by burying high C soil at depositional sites. In addition to its status in croplands, eroded carbon buried in wetlands and water bodies can further contribute to reducing the rates of increase of atmospheric CO 2 [Stallard, 1998 ]. This effect may help to explain a part of the contemporary ''missing sink'' in the global carbon budget. However, to account for the overall impacts of soil erosion and deposition on carbon dynamics at watershed, regional, and global scales, we need a distributed approach that combines the carbon dynamics in the soil vertical profile with the accounting of sources and the fate of the eroded carbon on the landscape and water bodies.
[82] Our results suggest that erosion and deposition on croplands may result in lower atmospheric CO 2 levels than would have occurred with the same land use patterns without erosion and deposition. This does not necessarily mean that erosion and deposition are beneficial to the environment. Erosion and deposition decrease site fertility, contribute to nonpoint pollution, and reduce the efficiency and life expectancy of navigation systems and reservoirs. Our results suggest that failing to account for the impact of soil erosion and deposition may contribute to an overestimation of the total historical carbon released from soils because of land use change [Houghton et al., 1999] .
Appendix A A1. Net Primary Production A1.1. Modeling Approach
[83] Net primary production (NPP) is an important measure of the capability of an ecosystem to convert solar energy and atmospheric CO 2 to plant biomass. Because NPP has a significant impact on the storage and rates of change of organic carbon in vegetation and soil, the prediction of the temporal change of NPP is critical for the simulation of carbon dynamics for a given ecosystem. The NPP of a given site depends on many factors, including potential primary productivity (PPP), nutrient and water availability, and management practices, such as planting density. PPP is the optimal primary productivity a system can reach without limitation from environmental variables such as nutrients, water, and radiation. Because the limiting factors change over time, so does NPP. In CENTURY, the carbon flux of net primary productivity C NPP (t) at time t is calculated from the carbon flux of potential primary productivity C PPP (t), with consideration of environmental limitations [Metherell et al., 1993; Parton et al., 1993] ,
where z(t) is a scaling factor varying between 0 and 1, representing the impacts of a collection of environmental variables, such as nutrients and water availability, on C PPP (t).
[84] To simulate the historical change in NPP using equation (A1), we have to specify PPP values for all the species or cultivars that were cultivated in the history of the site. This is a challenge for long-term simulations, considering that the PPP of a crop can change over time. Grain yield and harvest index have increased dramatically in the United States for almost every crop, but the rate of change of harvest index has been slower [Hay, 1995] , indicating that NPP of different species must have changed as well. In EDCM, historical change of NPP is predicted by land use and land cover change data (specifically species shift) and by general patterns of grain yield and harvest index of crops using the following approach.
[85] The following relationship exists between C NPP (t) and grain yield:
where C g (t) is the C in the grain, w(t) is the ratio of aboveground biomass C to total biomass C at time t, and H i (t) is the harvest index (the ratio of grain biomass C to aboveground biomass C during harvest). According to equation (A2), the ratio of NPP at time t and time l can be expressed as
Assuming that C PPP (l ) is given as input and combining equations (A1) and (A3), we can simulate the historical change of crop NPP using the historical patterns of grain yield and harvest index,
A1.2. Historical Change of Crop Residue Production
[86] The rate of plant residue input is an important factor regulating net carbon fluxes into the soil and therefore the amount of SOC storage. Plant residue input depends on a variety of factors, including net primary productivity and harvesting practices, such as how much grain or straw is removed from the site. In this study, we used the following procedures to estimate carbon input by means of plant residue into soils:
where t is time, C g , C a , and C b are C in grain, aboveground nongrain biomass, and belowground biomass at time t, respectively, a(t), h(t), and t(t) are the fractions of C g , C a , and C b being removed from the site at time t, respectively, H i (t) is the harvest index at time t, defined as C g (t)/(C g (t) + C a (t)), and w(t) is the ratio of aboveground biomass C to total biomass C at time t.
A2. Soil Carbon Decomposition
[87] Five SOC pools (i.e., metabolic, structural, fast, slow, and passive pools) in each soil layer are used in EDCM to characterize the quantity and quality of SOC, following the practice of CENTURY for the top layer [Parton et al., 1987 Metherell et al., 1993] . Soil and SOC movements between the top and the second layer are necessary to keep the thickness of the top layer fixed under erosion or deposition environments [Schimel et al., 1985; Bouwman, 1989; Harden et al., 1999] . Using five pools for each soil layer allows a tight coupling between the top and the second layer, and thus the exchange of SOC between these two layers can be quantified properly. The SOC dynamics in each of the layers were simulated as a result of the interactions of the following processes: erosion or deposition, litter input, decomposition, and leaching.
[88] In CENTURY, the decomposition of SOC in each pool i is calculated using the following equation:
where C i (t) is the amount of C in pool i at time t, K i is the maximum decomposition rate (yr
À1
) for the SOC in pool i, W(t) and T(t) are the impacts of soil moisture and soil temperature on decomposition at time t, T m is the effect of soil texture on SOC turnover, and L c is the impact of the lignin content of structural material on structural decomposition. A detailed description of the definitions of these parameters, along with methods for quantifying carbon flows among various pools, microbial respiration, and leaching, are given by Metherell et al. [1993] .
[89] In EDCM, we extended equation (A8) to predict the decomposition of SOC in various pools in deep layers (see Figure A1 ):
where z is soil depth, and A(z) is the degree of aeration at depth z. The logic to add A(z) into equation (A9) was based on the observation that decreased aeration in deep layers leads to reduced SOC decomposition [Van Dam et al., 1997] . In the following subsections, the methods for simulating soil moisture and temperature and their impacts on SOC decomposition, as well as the form of A(z), are presented. The algorithms for determining other parameters in equation (A9) are inherited from CENTURY [Metherell et al., 1993; Parton et al., 1993] and are not described here.
A2.1. Hydrological Submodel and the Impact of Soil
Moisture on Decomposition A2.1.1. Hydrological Submodel [90] For the simulation of plant growth and SOC decomposition, it is necessary to predict the temporal change of soil moisture in the soil profile. The hydrological processes as represented in the hydrological submodel of CENTURY are oversimplified. CENTURY assumes that total monthly precipitation occurs in a single event with the soil being wetted once. The change in soil moisture content is calculated using the difference between rainfall and potential evapotranspiration (PET). If the difference is larger than the field capacity of the soil, soil moisture is set equal to field capacity; and the rest of the difference goes to runoff or deep percolation. If the difference is nonpositive (i.e., PET Figure A1 . Transformation and decomposition of soil organic carbon within deep soil layers are affected by soil moisture, temperature, aeration, texture, and quantity and quality of litter input.
is not smaller than rainfall), evapotranspiration depletes the available soil water until either the PET requirement is met or the soil moisture content reaches the wilting point of the soil. When this scheme is used, the soil moisture content often remains at field capacity in areas with abundant rainfall and reaches the wilting point in areas where PET is larger than rainfall.
[91] A new hydrological submodel has been developed in EDCM to replace the original CENTURY version. The basic concept of the hydrological submodel is based on work by Liu et al. [2000] , but there are several important modifications. The new model uses statistical relationships to estimate the number of rainy days in a month and then allocate the total monthly rainfall to each rainy day. Monthly rainy days can be estimated from monthly rainfall using the relationship between monthly precipitation and rainy days. This relationship can be derived from historical daily rainfall information. For example, Figure  A2 shows that monthly rainy days increase nonlinearly with the amount of monthly precipitation at Batesville, Mississippi. Such a relationship can be found in other regions as well (e.g., in a tropical rainforest climate [Liu et al., 2000] ). In EDCM, we use the long-term distribution of daily rainfall to allocate monthly precipitation to each individual rainy day in the month. The long-term distribution of daily rainfall can be derived using the following procedures:
[92] 1. Sort all daily rainfall values in descending order. The daily rainfall data should at least cover 1 year of observations.
[93] 2. Using the sorted list of daily rainfall values, calculate relative cumulative rainy days (Rd). A relative rainy day is 1/N, where N is the total rainy days.
[94] 3. Calculate relative cumulative daily rainfall (Rr). Relative daily rainfall is daily rainfall divided by total rainfall.
[95] 4. Develop the normalized composition curve of daily rainfall: Rr = f(Rd). In most cases, this function is nonlinear, indicating that the distribution of different classes of daily rainfall is not even. For example, Figure A2b shows that more than half of the precipitation occurs in 20% of the rainy days, while the other 40 $ 50% of the precipitation falls on 80% of the rainy days.
[96] Let the monthly rainy days be m (as estimated from monthly precipitation), and the rainfall amount for rainy day i in EDCM is estimated from the following formula:
where i = 1, 2, . . ., m, Ri and R are the daily and monthly precipitation, respectively. In the above formula, we implicitly assumed that the daily rainfall amounts of these m rainy days follow the long-term statistical relationship as defined by the Rr = f(Rd) function. Note that actual daily precipitation may show randomness in reality and seldom follow the curve Rr = f(Rd) exactly. But in the long run, we expect actual daily precipitation would follow the curve statistically. In EDCM, the sequencing (or relative positions) of these rainy days and the interval between consecutive rainy days are assumed to follow random distributions.
[97] Each daily net rainfall (i.e., gross daily rainfall Ri minus interception) was routed through the topsoil layer by simply filling up soil moisture content, and any excess over the field capacity was routed through the lower layers. No Figure A2 . (a) Relationship between monthly precipitation and the number of rain days and (b) distribution of normalized cumulative daily rainfall as observed in Batesville, Mississippi, from 1948 to 1997. Daily rainfall was sorted in descending order in Figure A2b , which shows that more than 80% of the rainfall occurred on 40% of the rainy days in the region.
soil hydraulic properties were used in routing owing to the coarse time step used in the model. The monthly evapotranspiration rate was estimated by the algorithms in CENTURY, which is a modified version of the PenmanMonteith approach [VEMAP Members, 1995] . The vertical distribution of evapotranspiration was assumed to be proportional to the root distribution in the soil. The monthly soil moisture content for each layer was calculated as the mean of moisture contents at the beginning and end of the month for the layer. The moisture content at the end of the month was estimated on the basis of the moisture content at the beginning of the month and on inputs (precipitation or routed water from the upper layer) and outputs (evapotranspiration and deep percolation) during the month.
[98] To quantify the amounts of available water for plant growth and survival, CENTURY adopted a scheme with multiple soil layers for its hydrological simulation. Two parameters, NLAYER and NLAYPG, were used to specify the number of layers for calculating the amount of soil water for survival and for growth, respectively. These parameters were considered as site specific and not really associated with individual plant species or plant functional type [Metherell et al., 1993] . However, in reality, they may change following the change of species on a given site. If a deep-rooted species were replaced by a shallow-rooted species, the amounts of available water for plant survival and growth would be overestimated if these parameters were not reduced accordingly [Fisher et al., 1994] . In EDCM, NLAYER and NLAYPG are explicitly associated with a plant species and defined by its rooting characteristics. NLAYPG and NLAYER are calculated from the depths at which the cumulative roots reach 95% and 98% of the total root biomass, respectively. Consequently, EDCM is capable of dynamically adjusting these parameters to reflect the change of rooting properties following land cover change.
A2.1.2. Impact of Soil Moisture Content on Decomposition
[99] Previous studies have suggested that there is an optimal soil moisture content for C and N mineralization [Lin and Doran, 1984; Skopp et al., 1990; Howard and Howard, 1993] . If soil moisture is below the optimum, soil microbial activities are restricted and increase monotonically with soil moisture content. When soil moisture exceeds the optimum, anaerobiosis prevails and soil microbial activities are reduced because of oxygen limitation. On the basis of these observations, the impact of soil moisture on SOC decomposition in EDCM is calculated as
where n(z, t) is the fraction of water-filled pore space (WFPS) in soil layer z, n 0 is the optimum WFPS value for microbial activities, and w l is the minimum impact of soil moisture on decomposition. Many studies have shown that n 0 varies around 0.75 [Lin and Doran, 1984] .
A2.2. Impact of Soil Temperature
[100] The algorithms used in CENTURY for calculating soil temperature of the top layer [Parton, 1984] and the impact of soil temperature on SOC decomposition [Parton et al., 1987 are retained in EDCM. Here only the methods for predicting soil temperature in deep layers are described.
[101] The seasonal change of soil temperature at deeper soil layers was simulated using a harmonic relationship [Hillel, 1980] , normalized by the soil temperature of the surface layer as predicted by the original CENTURY treatment. CENTURY simulates soil temperature as a function of air temperature, aboveground biomass, and soil properties [Parton, 1984] . The combination of the CENTURY method with the method described below provides a new way to simulate not only the seasonal harmonic pattern but also the monthly irregular fluctuations of soil temperature at different depths caused by fluctuations of air temperature.
[102] According to Hillel [1980] , the annual variation of soil temperature at various soil depths can be expressed by
where z is soil depth, t is time, T(z, t) is soil temperature at depth z and time t, T(z) is annual mean temperature at depth z, w is radial frequency (= 2p/p, p is the time interval, w = 1.99 Â 10 À7 (s
À1
) for an annual variation), j is a phase constant, and d m is a damping depth, at which the temperature amplitude decreases to the fraction 1/e (1/2.718 = 0.37) of the temperature fluctuation (the range from the maximum to the mean temperature) at the soil surface A(0).
[103] The damping depth is related to the thermal properties of the soil and the frequency of the temperature fluctuation, as follows [Hillel, 1980] :
where k is thermal conductivity of the soil, H c is volumetric heat capacity of a soil, and D is thermal diffusivity. The above three parameters (i.e., k, H c , and D) define the thermal properties of the soil. Thermal conductivity was calculated using soil bulk density and volumetric water content following Yin and Arp [1993] . The heat capacity of a soil equals the sum of the heat capacities of different constituents [Fairbridge and Finkl, 1979] :
where 0.48, 1, and 0.6 are the heat capacities of constituent soil solids, water, and soil organic matter with a volume fraction f solids , f water , and f som , respectively. The air content and its addition to the soil's H c are ignored in equation (A14) owing to its very low heat capacity, although differences in air-filled porosity will affect H c indirectly by affecting the other volume fractions.
A2.3. Impact of Soil Aeration
[104] Soil moisture is closely related to soil aeration. Expecting that the impact of soil aeration on SOC decom-position might be adequately represented by soil moisture, we initially ran the model without explicitly considering the impact of aeration on SOC decomposition in soil profiles. Results suggested that moisture by itself was insufficient to account for what is observed in the vertical distribution of SOC. We concluded that an aeration term is needed for simulating the SOC dynamics in soil profiles.
[105] The impact of soil aeration on mineralization has been studied near the soil surface [Renault and Sierra, 1994; Li et al., 2000] or within the soil [Renault and Stengel, 1994] . The aeration in any deep layer is more complex because soil moisture contents in both this layer and its upper layers are important determinants. To our knowledge, no effective physically based description of the dynamics of soil aeration has been proposed. However, several studies directly [Van Dam et al., 1997] or indirectly [Voroney et al., 1981; Bouwman, 1989] indicated that SOC decomposition in deep layers is slower than could be explained by soil moisture, temperature, and soil texture, which are usually sufficient for the prediction of SOC dynamics in the surface layer. Soil moisture and temperature are not enough to explain the change of SOC turnover rates in soil profiles as observed in forests and pastures [Van Dam et al., 1997] . Slower turnover at depth was attributed by Van Dam et al. to a lower diffusion efficiency in the deep layers, and they suggested a diffusion factor for the purpose of modeling. To match simulated SOC profiles with field measurements, Van Veen and and others [Voroney et al., 1981; Bouwman, 1989] applied further reduction factors of 0.8 and 0.6, respectively, to the temperature scaling factors of the second (15 -40 cm) and third (40 -80 cm) layers in their carbon turnover model. However, there does not appear to be a mechanistic justification for applying various additional reduction factors to the temperature effect in deep soil layers. In EDCM, we hypothesize that soil aeration decreases with soil depth and we model its effect on decomposition using an aeration factor analogous to other factors included in the CENTURY treatment of decomposition. This approach is based on the assumption that the diffusion of oxygen to deep layers becomes increasingly difficult as depth increases. The following equation is used to describe the general vertical distribution of the soil aeration factor:
where a, b, c, and f are empirical coefficients used to define the specific shape of the vertical distribution of the aeration factor. Figure A3 presents two possible soil aeration factor profiles. Although A(z) as defined by equation (A15) cannot be used to describe the dynamic nature of aeration changes in soil profile (as affected by soil moisture and bulk density fluctuations), we believe that this treatment is sufficient to describe the general pattern of aeration change with soil depth.
A3. Dynamic Accounting of Mass in Each Layer
[106] To keep the thickness of the top layer constant during erosion, the EDCM model transfers a certain amount of soil to the top layer from the second layer to account for the reduction of thickness caused by erosion. The procedure described below is similar to the scheme proposed in a number of studies [Schimel et al., 1985; Bouwman, 1989; Harden et al., 1999] . The amount of soil transferred is calculated as the eroded thickness multiplied by the bulk density of the second layer. This implicitly references a soil volume with a surface projection of 1 m 2 . The transfer of SOC from deep layers (EDCM may need to transfer soil from the third layer, and so on, if the thickness of successive subsoil layers is less than the cumulative soil thickness eroded) to the top layer is performed separately for various pools according to the following:
where n is the number of the layer when the addition of its thickness, starting from the second layer, makes the cumulative thickness first exceed the thickness of the eroded soil, DC(1, i) is the cumulative amount of C in pool i that is transferred from the deep layers ( j = 2, . . ., n) to the top layer ( j = 1), C( j, i) is the C in pool i layer j, and h j is a coefficient defining the fraction of C( j, i) being transferred to the top layer from layer j:
where d e is the thickness of eroded soil, d m is the thickness of layer m, and d n is the thickness of the nth layer. Soil properties in the top layer, such as bulk density and root biomass, were adjusted accordingly using a thicknessweighted approach. For example, the bulk density is calculated as Figure A3 . Hypothetical relationship between soil aeration and soil depth.
where 20 is the thickness of the top layer in cm, B 0 is the bulk density of the top layer before erosion has taken place, B 1 is the bulk density of the top layer after erosion and soil replacement from the deep layers, and B j is the bulk density of layer j ( j = 2, . . ., n).
[107] Both erosion and deposition events are specified in the event schedule file using the flag EROD. The program determines if the event specified is erosion or deposition by looking at the sign of the rate that follows the flag. A positive value represents erosion (following CENTURY tradition), and a negative value represents deposition (a new addition to EDCM). The schedule file at a deposition site can be generated manually. Alternatively, a subroutine has been developed in EDCM to allow users to generate a schedule file from the output generated from an erosion site. This linkage provides a seamless connection between erosional source materials and depositional sites, and can be useful for developing a distributed model in the future.
A4. Sensitivity Analysis
[108] A sensitivity analysis was done to understand how selected model parameters influence the model results. Under erosion, a 10% increase of initial SOC leads to a 6.2% increase of SOC loss through erosion, 5.4% increase of SOC in the profile, and 4.8% increase of cumulative gross CO 2 efflux from deep soil layers (Table 5 ). The reason a 10% increase did not introduce a 10% increase in eroded C was the oxidation of SOC during the course of simulation. Because of the very slow turnover of passive SOC, it is sensitive to the initial SOC. Of course, the passive SOC in the top layer should not be interpreted literally because the original top layer is lost by erosion during the simulation. Decreasing initial SOC would decrease SOC loss through erosion, SOC content in the profile, and cumulative gross CO 2 efflux from deep soil layers (Table 5) .
[109] The quality of the initial SOC was also important to C eroded, passive C, and to a lesser degree, CO 2 efflux from deep layers. The C eroded and passive SOC at the end were more an indication of the amount of initial passive C because of its very large turnover time, while CO 2 efflux from deep layers was more sensitive to the initial slow SOC because of its relatively shorter turnover time. The rate of soil erosion had the strongest influence on the amount of C eroded, followed by the amount of passive SOC.
[110] Increasing potential primary production (PPP) by 10% leads to an increase in NPP (9.6%), grain yield (9.4%), straw harvest (6.4%), SOC erosion (5.3%), SOC in the profile (4.7%) and in the top layer (9.5%), and CO 2 effluxes from the top layer (8.4%) and deep layers (6.3%). SOC response to PPP was primarily caused by the high sensitivity of slow SOC to PPP. Passive SOC has little response to a change in PPP. Reducing PPP has the opposite impact of (1) Clay fraction increased 10% and sand fraction decreased 10%; (2) clay fraction decreased 10% and sand fraction increased 10%.
increasing PPP. The high sensitivity of the EDCM to PPP justifies our effort and our emphasis on calibrating the model with historical grain yield data.
[111] Distributing more roots in deep layers and increasing rooting depth lead to an increase of NPP. This is tested by increasing the b factor in y = 1 À b z , where y is the cumulative root fraction from the soil surface to depth z (in centimeters), from Jackson et al. [1996] . The NPP increase is probably caused by an increase in soil water available for plant growth owing to the increased rooting depth. With increased NPP and increased allocation of NPP to deep layers, the CO 2 efflux from deep layers increased by 25.4%, while at the same time SOC in the profile increased as well. Decreasing the rooting b factor has the opposite effect.
[112] For the site conditions at Nelson Farm, the EDCM is not very sensitive to the aeration index that describes the decreasing pattern of aeration in the soil profile as soil depth increases. A 10% increase in the aeration index leads to a 2.6% increase in the CO 2 emissions from deep layers. Decreasing the index leads to a 3.2% reduction in the emissions from the deep layers.
[113] An increase of 10% in the enrichment factor of the eroded soil translated into a 5.4% increase in SOC erosion and 10.3% decrease of passive C in the top layer. A higher enrichment factor means more SOC is eroded for a given soil erosion rate. Slow SOC can be replaced relatively easily by the decomposition of plant residue, and the replacement of passive C is difficult because of its slow turnover. Decreasing the enrichment factor has the opposite impact.
[114] The EDCM is not very sensitive to soil texture at this rather sandy site. However, it is sensitive to bulk density. Increasing bulk density leads to a reduction in NPP, grain yield, SOC erosion, and CO 2 effluxes. At the same time, SOC increases. In EDCM, bulk density affects NPP and SOC through its impact on water-holding capacity and heat capacity, which in turn affect the seasonal dynamics of soil moisture content and soil temperature. The increase in SOC could be attributed to decreased SOC oxidation, as indicated by reduced CO 2 effluxes.
[115] Increasing air temperature by 5% (which corresponds to an increase of 1.25°C on a base of 25°C during the growing season) leads to a reduction in production, SOC, and cumulative CO 2 effluxes. It is likely that 25°C is above the optimal temperature for NPP for most plants and that further increases in temperature would lead to a reduction in NPP. Decreasing the temperature parameter increases NPP and SOC.
[116] The EDCM is not very sensitive to precipitation in the region; presumably, precipitation is not a limiting factor for plant production. The sensitivity of EDCM on the depositional case MIND was roughly similar to its sensitivity on the erosional case MINE, with some differences in magnitude (Table A1 ). An increase in SOC deposition is an increase in the carbon content of the deposited materials, and it increases the passive pool in the surface layer. The influence of the rooting b factor on CO 2 emission from deep layers is not quite as strong as in the erosional case.
